How heat controls fracture: the thermodynamics of creeping and
  avalanching cracks by Vincent-Dospital, Tom et al.
From thermal creeping to thermal weakening:
How crushing plastic and unrolling tape unravels fracture physics
Tom Vincent-Dospital,1, 2, ∗ Renaud Toussaint,1, 2, † Ste´phane Santucci,3, 4 Lo¨ıc Vanel,5 Daniel
Bonamy,6 Lamine Hattali,7 Alain Cochard,1 Eirik G. Flekkøy,2 and Knut Jørgen Ma˚løy2
1Institut de Physique du Globe de Strasbourg, UMR 7516 CNRS, Universite´ de Strasbourg/EOST, France
2SFF Porelab, The Njord Centre, Department of physics, University of Oslo, Norway
3Laboratoire de Physique, ENS Lyon, France
4Mechanics of disordered media laboratory, Lavrentyev Institute of Hydrodynamics of the Russian Academy of Science
5University of Lyon, Universite´ Claude Bernard Lyon 1, CNRS,
Institut Lumie`re Matie`re, F-69622, VILLEURBANNE, France
6Service de Physique de l’Etat Condense´, CEA, CNRS,
Universite´ Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette Cedex, France
7Laboratoire FAST, UMR 7608 CNRS, Universite´ Paris-Sud, France
(Dated: May 20, 2019)
While of paramount importance in material sci-
ence and engineering, the rupture of solids is of-
ten described by empirical observations rather
than by fully understood physical models. The
earliest formalism is probably that by Griffith 1 :
the propagation of cracks is described as a thresh-
old phenomenon, only obtained when fractures
are loaded above a critical fracture energy. This
view matches the behaviour of brittle matter,
which suddenly snaps passed a certain elastic
deformation. It is however acknowledged that
a crack loaded below the mentioned threshold
is still growing, but at rates that are orders of
magnitude below that of a ‘dynamic’ fracture.
One possible approach is to consider that the
fracture energy is dependent on the propagation
velocity2,3, rather than being a strict medium
property. Alternatively, these slow creep regimes
are well modelled by thermally activated sub-
critical laws such as Arrhenius-like growth rate4–8.
It was suggested9 that the description of both
the slow and the fast regimes, as well as that of
the threshold phenomena, could be unified if ac-
counting for the plasticity around the crack tip10,
in particular as the associate induced heat might
locally soften the matter11,12. We here propose
a unifying model which neglects such an effect
of the thermal dissipation, but focuses instead
on how temperature affects the front sub-critical
growth. We show how this model accounts for
experimental data gathered during the failure of
two different materials, at all velocities over eight
orders of magnitude, thus shedding new light on
fracture physics.
We consider that the velocity V of cracks is ruled by the
competition, at their tips, between breaking and heal-
ing processes8,15, both following an Arrhenius law. The
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FIG. 1. Steady thermal elevation at a crack tip for various
propagation velocity, as per Eq. (2) (plain plot). Approxima-
tions ∆T fast and ∆T slow are shown for comparison (dotted
plots). Axes are unlabelled for the sake of generality.
activation energy of these laws is modelled proportional
to the difference between the energy release rate G (in
J m-2) and the intrinsic energy barriers for breaking and
healing the atomic bonds of a surface unit, Gc and Gh.
While G arises from the mechanical load on the fracture,
Gc and Gh are media properties (i.e., notably indepen-
dent of the propagation velocity). Such a model defines
the velocity as:
V = V0
[
exp
(
− α
2(Gc −G)
kB(T0 + ∆T )
)
− exp
(
− α
2(Gh +G)
kB(T0 + ∆T )
)]
when G < Gc
V = V0
[
1− exp
(
− α
2(Gh +G)
kB(T0 + ∆T )
)]
when G ≥ Gc,
(1)
where α2 is an area associated with the active atomic
links, kB is Boltzmann’s constant, and V0 the thermal
bath molecular velocity, typically in the order of the
Rayleigh velocity in the medium16. We also assume
that a fraction φ of the mechanical energy is dissipated
into heat in a process zone10,17,18 of radius l around the
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2FIG. 2. Crack velocity V as a function of the energy release rate G as predicted by Eq. (1) and (2) and fitted to the
PMMA experimental data13,14. The arrows indicate which model parameters each part of the curve is mainly sensitive to. (a):
Fractography of secondary micro-cracks on a postmortem fracture surface13. White areas mark their nucleation centres. (b):
Atomic Force Microscopy of a cavity at the centres of micro-cracks. (c): Modelled temperature field around the crack front,
for V ∼ 100 m s-1 and G ∼ 600 J m-2. The circle corresponds to the tip of radius l.
front, and therefore write the absolute tip temperature
as T0 + ∆T , where T0 is the ambient temperature and
∆T follows the diffusion equation18:
∂(∆T )
∂t
=
λ
C
∇2(∆T ) + φGV
Cpil2
f. (2)
λ is the medium’s thermal conductivity, C is the volu-
metric heat capacity, and f is the support function of the
process zone (i.e., f = 1 in it and f = 0 otherwise). Note
that, by down-scaling G to the actual stress at the crack
front, one can derive19 (see supplementary information)
that α and the size l of the heat production zone are
related:
4pilα2 ∼ d30, (3)
where d0 is the scale of an atomic bond (d0 ∼ 1 A˚), mak-
ing α an equivalent scale smaller than an a˚ngstro¨m. We
will however invert α and l separately, not to rely on Eq.
(3). The governing equation for ∆T (2) can approxi-
mate to far simpler expressions18, as, at low propagation
velocities, the thermal elevation is only governed by the
diffusion skin depth upon the passage of the process zone,
while, for fast cracks, the extra heat can barely diffuse
away and ∆T is constrained by l:
∆T slow =
φGV
λ
, ∆T fast =
φG
piCl
. (4)
See Fig. 1 for the general evolution of ∆T with V .
Solving Eq. (1) and (2) simultaneously and focusing on
their steady state, one can show the existence of two
stable phases for the crack propagation (See Fig. 2).
The first phase is a slow one as ∆T stays small com-
pared to T0, such that the growth rate is mainly gov-
erned by the medium toughness. The second phase is
reached when the generated heat significantly overcomes
the background temperature. The propagation rate sig-
nificantly increases and the crack is said to be thermally
weakened. Both phases coexist for a certain range of
energy release rate: a hysteresis situation holds and the
model also predicts a third, unstable, phase, unlikely to
be recorded experimentally.
Interestingly, this phase description matches key obser-
vations of fracturing experiments. The abrupt transi-
tion, passed a load threshold, from slow to fast cracks,
can indeed be interpreted as a phase transition, and the
stick-slip of fronts, when avalanches are bigger than the
typical medium’s quenched disorder, is a good indicator
for hysteresis. Let us first compare our model to data ac-
quired when breaking Poly-methyl methacrylate sheets
(PMMA) at room temperature (T0 = 296 K). A wedge
is forced into Perspex® bodies, resulting in cracks for
which two stable (G, V ) branches are recorded, as shown
in Fig. 2. A fast branch, as reported by Scheibert et al. 13
and a slow one, which is here published for the first time
(see supplementary information). When forcing the ve-
locity between these two regimes (i.e., above a specific
velocity of 4 cm s-1 and below 100 m s-1), some stick-slip
is observed22. Figure 2 compares both sets of data with
the model, and we now pursue by detailing the fit of each
parameter. First, notice the linear ln(V ) to G relation-
ship that holds at low velocity, between 10−4 and 10−2
m s-1. There, ∆T  T0 and G is high enough for healing
3FIG. 3. Crack velocity V as a function of the energy release rate G as predicted by Eq. (1) and (2) and fitted to the tape
experimental data20,21. The unstable branch cannot be measured and the data points there are only averaged V versus G for a
crack that stick-slips, in the given set-up, between the slow and the fast phase. The arrows indicate to which model parameters
each part of the curve is mainly sensitive. (a): Modelled temperature field around the crack front, at the onset of the fast to
slow phase shift (V = 20 m s-1). (b): Blue radiation emitted when quickly peeling tape in the dark, as captured by a reflex
camera.
processes to be secondary, leading to:
ln(V ) = G
[
α2
kBT0
]
+
[
ln(V0)− α
2Gc
kBT0
]
, (5)
where ln is the natural logarithm. The slope of this data
hence constrains α to about 8 pm (indicating l ∼ 1 nm
as per Eq. [3]). Additionally, the intercept of Eq. (5)
with the V axis links V0 and Gc. As we consider the
former to be similar to the medium Rayleigh velocity13,
880 m s-1, we deduce Gc ∼ 1275 J m-2. Gh can next
be inferred from the asymptote at G = 300 J m-2, be-
low which healing prevails and cracks cannot propagate.
Equation (1) predicts it for G ∼ [Gc − Gh]/2 such that
Gh ∼ 650 J m-2. Let us focus now on the local G max-
imum, around V = 4 cm s-1. It is modelled by Eq. (1)
once ∆T stops being negligible compared to T0, which,
as per (4), depends on the λ/φ ratio. By tuning this ra-
tio, we deduce it to be around 0.9 J s-1 m-1 K-1. As the
PMMA conductivity, λ = 0.18 J s-1 m-1 K-1, is known, we
can approximate φ ∼ 20%. Note that this particular
point, where ∂G/∂V = 0 and which is directly related to
the medium heat conductivity, is the macroscopic crit-
ical energy release rate at which the polymer suddenly
breaks11,23. We here show how it happens at a value less
than the actual microscopic Gc barrier. Lastly, as the
crack needs to be hot enough to explain fast fronts at
low G (the slower part of the fast branch in Fig. 2), we
can estimate the limiting factor of ∆T fast, Cl. Match-
ing the data set in this area, we deduce l to be at most
in the nanometer range, which is satisfyingly consistent
with the value inferred from α. We hence predict that
most of the induced molecular agitation is introduced on
the closest atoms around the crack tip, and, with the dis-
cussed parameters, our simple sub-critical model matches
most of the rupture dynamics. In Fig. 2 however, a slope
break holds passed G = Gc, and is not accounted for.
At this load, while the crack advances around 165 m s-1,
Guerra et al. 14 showed that micro-cracks start to nucle-
ate ahead of the front (Fig. 2). Although the observed
macroscopic speed increases with the growing density of
these secondary fronts, the individual velocity of each
crack was inferred to stay constant, around 200 m s-1,
that is, compatible with the model. Equation (1) ac-
tually explains why the plateau velocity Vlim stays below
the one of Rayleigh waves: when the tip temperature
is high, the healing processes do significantly limit the
growth rate. By inserting ∆T fast (4) and (3) in Eq. (1),
and by looking at the high loads asymptotic regime, we
predict V to be limited by the individual heat capacity
of atom bounds:
Vlim ∼ V0
[
1− exp
(
− α
2(1 +XXXGh/G)
kB(
HHHT0/G+ φ/[piCl])
)]
∼ V0
[
1− exp
(
− d
3
0C
4kBφ
)]
,
(6)
where the crossed out terms are neglected. Note that
Vlim ∼ 126 m s-1 is smaller than the actual maximum
crack velocity Vmax ∼ 160 m s-1, which is obtained for
G = Gc.
4We pursue the comparison with the reported rupture of
another material, acrylic based pressure sensitive adhe-
sives (PSA), typically happening when unrolling office
tape. For Scotch® 3M 600 rolls, two propagation modes
are indeed measured21, and some stick-slip is observed
passed a specific velocity20 V ∼ 15 cm s-1. The full (G,
V ) data and model fit is shown in Fig. 3. As no sig-
nificant healing threshold displays at low velocity, we
assume that Gh is high enough to neglect the healing
term (see the supplementary material for further discus-
sion), and we invert the model’s parameters in the same
way as for PMMA. First, α is given by the slope of the
slow phase: α ∼ 21 pm. The highest velocity records
gives V0 ∼ 30 m s-1 and the intercept at low velocity in-
dicates Gc ∼ 146 J m-2. Satisfyingly, V0 compares with
the mechanical wave velocity in PSA,
√
µ/ρ, where µ is
its shear modulus24, 0.1 to 1 MPa, and ρ its volumetric
mass25, about 103 kg m-3. From the local G maximum
at the higher end of the slow datum, we infer λ/φ in the
order of 0.1 J s-1 m-1 K-1 and, as the adhesive’s conduc-
tivity lies in the same range26, a consequent portion of
G should be released into heat: φ ∼ 1. Finally, we esti-
mate l to be in the nanometer range, based on the coolest
points of the fast phase.
We thus have shown how statistical physics, together
with the dissipation and diffusion of heat, can simply
explain the dynamics of both creeping and fast cracks,
as well as the shifts from one state to the other. While
giving valuable insights on the rupture of both media,
our quantification for each model parameter stays rather
approximate (i.e. we mainly derived orders of magni-
tude). They were indeed considered to be constant while
most could be velocity or temperature dependent11,12,27.
We also considered PMMA and PSA as homogeneously
tough while Gc is likely to present some quenched dis-
order. While this should not affect the stable propa-
gation branches, as long as G and V are understood
as averaged over a few Gc correlation lengths, it could
be of importance for the accuracy of the phase tran-
sitions, as slow cracks shall preferentially avalanche on
weaker zones and fast cracks stop on stronger locations.
In the supplementary information we further illustrate
the parameters sensitivity. We predict that the release
of heat is concentrated on nanometers around the tip,
with ∆T reaching several thousands of degrees. Exper-
imentally confirming this temperature on such a small
scale is challenging. So is modelling it with appropri-
ate atomistic simulations28,29, as it calls for sampling
frequencies higher than V0/d0 ∼ 1013 Hz. It is how-
ever compatible with experimental estimations in glass
and quartz17,30,31, obtained by characterising the pho-
tons emission from the crack tips. Similarly, when peeling
tape, a blue tribo-radiation can be observed during the
fast stages21,32 (see Fig. 3), and we point out that such
coloured emission could correspond to the central fre-
quencies associated via Wien’s law33 with a blackbody
temperature compatible with our model. Furthermore,
the intensity of the observed light, which is only visi-
ble in the dark, is also model consistent: we expect in-
deed a radiated power33 s(T0+∆T )
4hl ∼ 1µW to 1 mW,
with s = 5.67 × 10−8 W m-2 K-4 the Stefan–Boltzmann
constant and h the tape width (∼ 2 cm). As for the
area which emits the radiations, the proposed nanome-
ters may correspond to the typical entanglement den-
sity in polymers, below which atoms have more free-
dom to oscillate and which is known to affect rupture
properties34. General elasticity8 predicts however plas-
tic zones far larger, in the order of G/(2piσ2yE), around
100µm in PMMA, σy being the tensile yield stress and
E the young modulus. Some residual heat could yet be
dissipated at this scale, and l only be a core size for plas-
ticity. 100µm is actually similar to the distance at which
PMMA micro-cracks nucleate from the main front14. Be-
sides, the imaging of postmortem surfaces reveals spher-
ical cavities in their centres (see Fig. 2), which could
correspond to bubbles, forming by sublimation35 due to
a high temperature reached on weak locations of the plas-
tic zone, and leading to fractures once having grown to
a critical size. Thus, in addition to explaining the full
dynamics of singular fronts, thermal processes could be
responsible for their complication at high propagation
velocity. The appearance of secondary fronts, for loads
passed our inferred Gc, might correspond to new dissipa-
tion processes, when cracks propagate over-critically and
some extra energy is brought to the system.
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I. DOWN-SCALING FROM THE ENERGY
RELEASE RATE TO THE TIP ELASTIC
ENERGY
We presented an Arrhenius based model which acti-
vation energy Ea is written as a function of the energy
release rate G:
Ea = α
2(Gc −G), (1)
where α2 is an area related to the typical size of the
breaking sites and Gc the critical energy release rate
above which the sites of a given surface break. This
law fits well observed crack dynamics1, but for a value
of α which is however less than the typical inter-atomic
distance (i.e., about an a˚ngstro¨m), making its physical
meaning questionable. It was proposed2 that for a crack
to advance by a nominal surface, several off-plane bonds
have to be broken, and hence that α holds a projective
information. Vanel et al. 3 proposed another reason for
∗ vincentdospitalt@unistra.fr
† renaud.toussaint@unistra.fr
α to be an ad hoc scale: the sub-critical growth rate is
to be written at the microscopic scale, rather than using
the macroscopicG. If we consider the link undergoing the
rupture process to be elastic and that it breaks passed a
critical elastic energy, we can then write the Arrhenius
activation energy as:
Ea = d
3
0
(
σ2c
2E
− σ
2
tip
2E
)
, (2)
where σtip is the stress at the tip of the crack, σc the
rupture threshold, d30 the characteristic volume of the
link (d0 ∼ 1 A˚), and E an elastic modulus, say the Young
modulus for cracks that open in mode I. To scale (2) back
to (1), we use the general elasticity theory4, predicting
that the stress around a crack tip is governed by:
σ(r) ∼ K√
2pir
, (3)
where K is the fracture toughness, G ∼ K2/E, and r is
the distance to the tip. While this expression diverges
for r → 0, it is considered5 that the tip is shielded by its
surrounding plastic zone, in which most energy is dissi-
pated, and the actual stress is then constrained by the
radius l of this zone:
σtip ∼
√
GE
2pil
. (4)
Often, such stress at the tip is considered to be fixed at
a characteristic yield value, with variations in G that are
balanced by variations in l. In our model, however, we
have considered l to be constant, such that σtip increases
with G. Inserting Eq. (4) into (2) and comparing with
(1), an expression is deduced for the α parameter3 :
α ∼
√
d30
4pil
. (5)
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2With d0 in the order of 0.1 nm, and with l in the nanome-
ter range as discussed in the main letter, Eq. (5) pre-
dicts α to be about 10 pm, compatible with the values
inferred from the slow velocity branches of the tape and
the PMMA data. The model is hence satisfyingly self-
consistent. Note that we have defined l as the scale at
which most of the Joule heating is introduced. However,
it could only be a core size for the plasticity, rather than
its full extent, and residual energy dissipation might oc-
cur further from the tip (i.e., for r > l). We have thus
assumed that expression (3) approximately holds despite
such residual plasticity.
If not assuming perfectly elastic bonds between atoms
(i.e., Eq. (2)), the relation between the stress and the
energy release rate can still generally be written as:
G =
∫ d
d0
σ(d′)dd′, (6)
d0 being the nominal separation of atoms in an unloaded
matrix (i.e., at G = 0) and d the actual atom separation
at the crack tip. Figure 1 illustrates this relation, as well
as how the thermal bath allows to overcome the energy
barriers, Gc and Gh.
FIG. 1. Left: simplified atomic view of the breaking/healing
site at the crack tip. Top right: generic stress to atom sep-
aration function. Bottom right: stress to atom separation
function for an elastic bond, as considered by Eq. (2). The
function slope depends on the young modulus E and on the
radius of the shielding zone l. G is the grey area, Gc the area
below the curve for d > d0 and Gh the area for d < d0.
II. PARAMETERS SENSIBILITY FOR THE
DATA FIT
We here show, on the PMMA data, how varying the
model’s parameters around their inferred values impacts
the model fit, thus giving the reader a better feeling
for their individual effect and sensitivity. In figures
2 to 8, a unique parameter of the model varies while
the others are kept to the values used for the fit pre-
sented in the main manuscript: α = 8.3 pm, V0 =
880 m s-1, Gc = 1275 J m
-2, Gh = 650 J m
-2, φ = 20%,
λ = 0.18 J s-1 m-1 K-1, Cl = 1.5 × 10−3 J m-2 K-1 and
T0 = 296 K. The plots show the data up to the appari-
tion of the secondary micro-cracks, after which the model
does not apply as such.
FIG. 2. Effect of varying the nominal velocity, V0, on the
fit to the PMMA data. The propagation velocity is roughly
proportional to V0, but also modifies the positions of the phase
transitions.
FIG. 3. Effect of varying the breaking energy barrier, Gc,
on the fit to the PMMA data. At a given load, the higher
Gc, the slower the crack. The transitions between the three
propagation modes (fast, slow, and dominated by healing)
are also affected: a medium with a stronger barrier needs a
heavier load to transit to a weaker state.
3FIG. 4. Effect of varying the healing energy barrier, Gh, on
the fit to the PMMA data. A crack that heals more easily
needs a higher load to actually propagate forward or to stay
in the high velocity regime.
FIG. 5. Effect of varying the characteristic size of a breaking
link, α, on the fit to the PMMA data. α mainly controls the
slope and the intercept of the low velocity branch. A small
change in α significantly modifies this branch as well as the
threshold to the fast regime.
FIG. 6. Effect of varying the ratio of energy converted to heat,
φ, on the fit to the PMMA data. The maximum velocity in-
creases with φ as the tip temperature is higher. The threshold
from the slow to the fast branch shifts towards lower G as a
lighter load is required for the temperature to significantly
deviate from T0.
FIG. 7. Effect of varying the thermal conductivity, λ, on the
fit to the PMMA data. With higher λ, the heat is better
evacuated: the slow to fast branch threshold shifts towards
higher G and V . The fast regime is not sensitive to λ, as ∆T
is there constrained by l.
FIG. 8. Effect of varying the process zone radius, l, on the
fit to the PMMA data. l mainly impacts the plot curvature
on the high velocity branch. No effect is observed on the slow
branch as the thermal elevation is there constrained by the
diffusion skin depth rather than by the plasticity scale.
Investigating the relative sensitivity of each parameter,
we thus assess the uncertainty of their inverted value,
which is: a few picometers for α and a few nanometers
for l, about 10% for φ, a few hundreds of Joules per
square meter for Gc and Gh, and V0 assumed to be in
the order of the mechanical waves velocities. To this
relatively high uncertainties, adds up the experimental
inaccuracy for V and G, as well as the limitation of our
very first order physical model. Still, the data is overall
well explained over eight decades of velocities, for several
materials and with parameters that are in credible orders
of magnitude.
4III. HEALING PROCESSES IN TAPE
In our letter, we considered the healing processes to be
negligible in order to describe the dynamics of unrolling
tape, as no low velocity constant G asymptote arising
from crack healing displays in the (G, V ) data. We here
temper this assertion by showing fits that do not dis-
regard their effect (i.e., we do not assume Gh  Gc).
Indeed, the asymptote could be present, but at a load
smaller than the measured ones, or even at a negative
load (when compressing the medium). The latter hap-
pens if Gc is smaller than Gh, as the asymptote is ob-
tained for [Gc −Ch]/2. Thus, the healing energy barrier
could still be comparable to the breaking one, and so sig-
nificantly impact the high velocity propagation branch,
when the crack tip is hot enough. Of course, an accurate
quantification of this effect suffers from the absence of the
asymptote as it is a good constrain for Gh. Figure 9 still
shows a model not disregarding healing, and compares
it with the tape data. The match is improved compared
to the fit presented in the main manuscript as we have
here an additional degree of freedom. The parameters
are as follow: α = 21 pm, V0 = 70 m s
-1, Gc = 154 J m
-2,
Gh = 200 J m
-2, φ = 60%, λ = 0.3 J s-1 m-1 K-1, Cl =
10−3 J m-2 K-1 and T0 = 296 K.
FIG. 9. Fit of the Scotch® 3M 600 data6,7 with a model
including healing processes. The unstable (middle) branch of
the model should not necessarily match the data point which
are averaged G and V values for a front that stick-slips.
Note that Barquins et al. 8 , who released part of
the data presented in Fig. 9, also provided similar
measurements for another type of roller tape, Scotch®
3M 602. For this new medium, the (V , G) cross-plot at
low velocity do call for healing processes, as shown in
Fig. 10, and we then propose a fit with the following
parameters: α = 10 pm, V0 = 200 m s
-1, Gc = 500 J m
-2,
Gh = 480 J m
-2, φ = 60%, λ = 0.3 J s-1 m-1 K-1,
Cl = 10−3 J m-2 K-1 and T0 = 296 K.
FIG. 10. Fit of the Scotch® 3M 602 data8. The lack of lin-
earity at low velocity calls for healing processes in our model.
Note also the curvature on the lower end of the high velocity
branch, not present in the other data sets that we show but
compatible with our model.
IV. METHOD: MEASUREMENT OF CRACK
VELOCITY VS ENERGY RELEASE RATE IN
PMMA
Wedge splitting fracture tests were used to measure
both the slow and fast V (G) branches in PMMA9,10.
Rectangular plates of size 140 × 125 × 15 mm3 are first
machined from a plate of moulded PMMA (Perspex®).
A 25×25 mm2 notch is subsequently cut out on one of the
two lateral edges and a 8 mm long 800µm thick groove
is finally introduced in the middle of the notch with a
diamond saw.
To grow slow cracks, an additional seed crack (∼ 2 mm-
long) was added at the end of the groove via a razor
blade. This crack is loaded in tension by pushing a steel
wedge (semi-angle of 15◦) in the notch. Two steel blocks
equipped with rollers are placed in between the wedge
and the specimen notch to limit the parasitic mechani-
cal dissipation through plastic deformations or friction
at loading contacts. As a result, the vicinity of the
crack tip can be assumed to be the sole dissipation source
for mechanical energy in the system. The wedge speed
is first set to 1.6 µm s-1. The force F applied by the
wedge to the specimen increases linearly with time up
to a point Fc above which the seed crack starts to prop-
agate. Above this point, F decreases with time. We
let the crack propagate over a distance of about 10 mm.
This ensures reproducible initial conditions with a long-
enough well-defined sharp seed crack. The specimen is
then unloaded (unloading wedge speed: 16 µm/s). The
specimen is then loaded again at a constant prescribed
wedge speed Vwedge, which has been varied from 1.6 µm/s
to 1.2 mm/s. For Vwedge < 300 µm s-1, stable, continu-
ous, crack growth is observed all along the experiment
up to the complete breakdown of the specimen. Above
300 µm s-1, the dynamics is intermittent, with successive
phases of fast growth10 interspersed with periods of slow
5growth.
During each fracture test, the force F (t) is monitored in
real-time via a cell force mounted on the system (S-type
Vishay load cell, maximum force of 100 N, measured ac-
curacy of 1 N at 50 kHz acquisition rates, and 0.001 N at
1 Hz). A camera (USB2 uEye from IDS Imaging Devel-
opment) is also used to image crack propagation at the
specimen surface, (space and time accuracy of 125µm
and 0.1 s). A coarse approximation of the crack speed
can be obtained by differentiating the position of the
crack tip observed on the successive images. However,
a more accurate signal V (t) is obtained from the force
signal (see Bare´s et al. 11 for details on the method). In-
deed, in a linear elastic isotropic material like PMMA, the
specimen stiffness k(t) = F (t)/(Vwedget) is a continuous
decreasing function of the crack length, c(t), that is set
by the specimen geometry only. This function has been
obtained using finite element calculations on the exact
experimental geometry (Cast3M software, 2D simulation
assuming plane stress conditions); it was checked that
the obtained k vs c curve coincides with the experimen-
tal curves obtained by plotting k(t) as a function of the
crack length measured by the camera. The idea is then
to use this curve k(c) to infer the time evolution of crack
length from the signal F (t): c(t) = k−1(F (t)/[Vwedget]).
Time derivation of the so-obtained c(t) provides a sig-
nal V (t) about 50 times less noisy than that directly
obtained from the camera images. The knowledge of
c(t) and F (t) also allows determining the time evolu-
tion of elastic energy release, G(t). Indeed, the total
amount of mechanical energy provided to the specimen is
F 2(t)/[2k(c(t))]. Differentiating this stored energy with
respect to c directly provides G(t). The plot of V (t)
as a function of G(t) provides the different points ob-
served in the slow stable phase of figure 2 in the main
text. Twelve fracture experiments are gathered there
and differ by their Vwedge value: 1.6 nm s
-1, 32 nm s-1,
400 nm s-1, 800 nm s-1, 1.6 µm s-1, 4 µm s-1, 8 µm s-1,
16 µm s-1, 40 µm s-1, 80 µm s-1, 160 µm s-1, 240 µm s-1 and
320 µm s-1.
To grow fast cracks and measure V (G) in the fast sta-
ble phase, the seed crack has been replaced by a hole
of tunable radius (1 to 4 mm) drilled at the end of the
groove9. This delays fracture and increases the poten-
tial energy stored in the specimen at the initiation of
crack growth. The time evolution of V (t) is measured by
monitoring, via an oscilloscope, the successive rupture of
parallel 500µm large metallic lines (Chromium/Gold) de-
posited on the surface and that of the quasi static stress
intensity factor is obtained via finite element analysis
(see Scheibert et al. 9 for details). The time evolution
of the mechanical energy release rate is then deduced:
G = K2/E where the Young modulus E in our PMMA
have been measured to be E = 2.8 GPa. The plot of
V (t) as a function of G(t) provides the different points
observed in the fast stable phase of figure 2 in the main
text. Five fracture experiments are gathered there and
differ by the amount of stored elastic energy at crack
growth initiation: 2.0 J, 2.6 J, 2.9 J, 3.8 J and 4.2 J.
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